Introduction
Most conventional cell-based biological analyses are averaged across large groups of cells, even though each single cell exists in its own microenvironment, such that population studies cannot condignly represent the real conditions of the individual cell. This averaging of diverse cell characteristics in a bulk system can mislead to overlook the accurate conditions of the single cells. In this respect single-cell analysis has become the focus of advanced cell biology in recent decades. Due to the small quantities of secretions and small volumes included in a single cell, the operation method should be selected prudently do as to solve these difficulties during detection. To meet these expectations, interest in microfluidic systems for single-cell analysis [1] [2] [3] [4] [5] [6] [7] [8] is increasing, because this technique has emerged as a pivotal enabling tool for efficient detection. This system is capable of demonstrating the feasibility of integrating the multiple steps involved in single-cell analysis, such as separating, positioning, chemical stimulations, and detecting. It also has desirable characteristics, such as the low reagent amounts needed for analysis, short analysis times and small-space requirements. Furthermore this technique offers a precise, rapid, and cost-effective tool for single-cell analysis.
Plenty of microfluidic-based single-cell analysis systems have been reported, such as microwell trapping, [9] [10] [11] physical trapping, 12, 13 hydrodynamic trapping, 14 microfluidic trapping, 15, 16 electrical positioning, [17] [18] [19] and magnetic trapping. 20, 21 However, these approaches are not suitable for the analysis of secretion from single-adhesive cells under flow conditions. The amount of secretion from a single cell is extremely small, and the secretion diffuses into the cell-culture medium in the microfluidic channel, which makes it difficult to analyze. In a previous report, 22 our designed detection system for nitric oxide secreted from stimulated macrophages is described in which all processes, such as cell culture, chemical stimulation of cells, enzymatic reactions and detection using a thermal lens microscope (TLM) were integrated into a single microchip. However, this system was designed for about 1000 cells in a cell-assay platform, not for the single-cell level. In order to detect secretion from the single-cell level, a small size of the cell-culture chamber with a channel in the microfluidic system is required, and the diffusion of secretions from a single cell should be reduced. In any new A precise understanding of individual cellular processes is essential to meet the expectations of most advanced cell biology. Therefore single-cell analysis is considered to be one of possible approach to overcome any misleading of cell characteristics by averaging large groups of cells in bulk conditions. In the present work, we modified a newly designed microchip for single-cell analysis and regulated the cell-adhesive area inside a cell-chamber of the microfluidic system. By using surface-modification techniques involving a silanization compound, a photo-labile linker and the 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer were covalently bonded on the surface of a microchannel. The MPC polymer was utilized as a non-biofouling compound for inhibiting non-specific binding of the biological samples inside the microchannel, and was selectively removed by a photochemical reaction that controlled the cell attachment. To achieve the desired single-macrophage patterning and culture in the cell-chamber of the microchannel, the cell density and flow rate of the culture medium were optimized. We found that a cell density of 2.0 × 10 6 cells/ml was the appropriate condition to introduce a single cell in each cell chamber. Furthermore, the macrophage was cultured in a small size of the cell chamber in a safe way for 5 h at a flow rate of 0.2 μl/min under the medium condition. This strategy can be a powerful tool for broadening new possibilities in studies of individual cellular processes in a dynamic microfluidic device. Original Papers design of the microfluidic system, single-cell attachment and culture should be considered for the total system. Single-cell attachment and culture can be achieved by using external stimuli to control the cell-adhesive area and the location direct into the cell chamber of the sealed microfluidic system without additional operations.
By using ultra violet (UV) light illumination, non-biofouling reagents can be selectively eliminated 23 inside the cell chamber (Fig. 1) . In this paper, we demonstrate a single-cell array and culture in a cell chamber of the microfluidic system. We have previously shown direct surface modification techniques to achieve single-cell attachment and culture in a closed microfluidic system. 23 This methodology is based on the combination of a 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer 24 and a nitrobenzyl photolabile linker (PL). 25 MPC polymer, PL, and a silane compound were chemically modified on the surface of the microchannel. UV light enabled us to remove the MPC polymer from the surface, and a cell-adhesive surface was formed. Cell-adhesive areas were selectively controlled even at the single-cell size level. Microfluidic platforms were also designed to realize a single-cell array and culturing for a single-cell analysis system. The small size of the cell chamber was designed to inhibit the diffusion of secretion from the single-cell, and the cell-adhesive area in the cell-chamber was controlled by a photochemical reaction.
Experimental

Chip fabrication
The microchip was fabricated by three-step wet etching (Fig. 2a) . Briefly, this microchip was composed of two borosilicate glass plates (30 × 70 mm), i.e., the cover and bottom plates, with thicknesses of 700 and 200 μm, respectively (Fig. 2b) . The microchannel consisted of four different parts, such as a side microchannel, a flow microchannel, a cell-chamber and a dam structure; all parts were etched at the same top plate (Fig. 2b) . Firstly, on the top plate, a side microchannel with a 500 μm width and 15 μm depth was etched by HF after photolithography; secondly, a flow microchannel with a 40-μm width, 5 μm depth and 3.4 cm long and a cell-chamber with a 40 μm width, 5 μm depth and 200 μm long were etched at the same time using the same method as in the former step. Finally, the dam structure part with a 40-μm width, 2 μm depth and 400 μm long was etched by HF (Fig. 2b ) in this order. Finally, four small access holes (diameter = 800 μm) for the inlet and outlet of the reagents as well as cells were mechanically bored into the cover glass plate. After intensive washing and ultra-sonicating with deionized water, a patterned cover plate and the non-patterned bottom plate was bonded using an optical contact; that is, the plates were polished to optical smoothness, and then laminated together in an oven at 600 C.
Preparation of macrophages
Macrophages were cultured in 60 mm cell culture dishes at 37 C in 5% CO2 in a Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (D-MEM/F-12) 1:1 mixture (Gibco) supplemented with 5% FBS (fetal bovine serum), 1% penicillin, and 1% streptomycin (Invitrogen). After the macrophages become confluent, they were washed with 1 ml of phosphate buffered saline (PBS), and detached from the cell culture dish by using 1 ml of trypsin (Invitrogen). Detached cells were added to 5 ml of a fresh medium, and the cell suspension was centrifuged at 1200 rpm for 5 min. The supernatant was discarded, followed by resuspension of the machrophages in a fresh medium at the required concentration for subsequent experiments.
Microchannel modifications
The surface-modification method was based on our previous work. 23 The experimental procedures were as follows. The microchip was assembled using a chipholder, and was connected with capillaries. The microchannel was cleaned using a 0.1 M NaOH aqueous solution at room temperature (RT) for 30 min at a flow rate of 5 μl/min, followed by rinsing with deionized water at a flow rate of 5 μl/min for 60 min. After drying inside the channel, the inner surface of the microchannel was modified by two different methods. Firstly, 3% (v/v) 3-aminopropyl-triethoxysilane (APTS) (Sigma-Aldrich) in chloroform was introduced using a syringe at RT for 2 h, followed by washing with chloroform, ethanol, deionized water, and N,N-dimethylformamide (DMF) by using a microsyringe pump at 20 μl/min for 10 min each. Secondly, vapor-phase APTS (0.5 ml) was used in oil-bass at 70 C for 1 h under a vacuum condition (Fig. 3a) , followed by washing with ethanol, deionized water and DMF using a micro-syringe pump at a flow rate of 5 μl/min for 30 min, each. These two different surfaces of the microchannels were observed under a microscope to confirm the surface conditions.
To this amino-terminated surface, a nitrobenzyl group photolabile linker was modified using a 5 mM Fmoc-photolabile linker [4-(4-(1-(9-fluorenylmethoxycarbonylamino) ethyl-2-methoxy-5-nitrophenoxy)-butanoicacid)] (Advanced ChemTech), 10 mM benzotriazol-l-yloxy-tris(dimethylamino) phosphonium hexafluorophosphate (BOP) (TCI), 1-hydroxy-benzotriazole (HOBt) (TCI), N,N-diisopropylethylamine (DIEA) in DMF at RT for 3 h, followed by rinsing with DMF and methylene chloride (MC) at a flow rate of 5 μl/min for 20 min per each. Then, 30% (v/v) acetic anhydride (Sigma-Aldrich) in dichloromethane (DCM) was used at RT for 30 min to inactivate all unreacted amino groups, and washed with DCM, DMF at a flow rate of 5 μl/min for 30 min per each. The Fmoc protecting groups were then removed using 20% (v/v) piperidine (TCI) in DMF at a flow rate of 5 μl/min for 30 min, followed by washing with DMF and deionized water at a flow rate of 5 μl/min for 30 min per each. Next, poly[2-methacryloyloxyethyl phosphorylcholine (MPC)-co-methacrylic acid (MA)] (Mw = 100 K, MPC: 90 mol%, methacrylic acid: 10 mol%, synthesized by the conventional radical polymerization technique) was grafted by 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC) (TCI) coupling for 12 h, which created a non-fouling surface, which was then rinsed with deionized water at a flow rate of 5 μl/min for 60 min. After drying the microchannel under a nitrogen flow, the MPC polymer-modified cell-chamber was exposed to UV light (365 nm, 1200 mW/cm 2 ): the light passed through a microchip plate from the bottom to top plate with a 30-μm wide single stripe photomask, and washed under flowing condition (5 μl/min) using a combination of deionized water, ethanol (for sterilization), then deionized water again for 1 h each. All of the capillaries and chip-holders were replaced with newly autoclaved ones to guard against contamination. The fresh medium was sucked into the microchannel at a flow rate of 5 μl/min for 1 h, and the microfluidic system was incubated at 37 C in 5% CO2 for 2 h.
Cell positioning and culture in a cell-chamber of microchannel
Microfluidic chips were prepared as mentioned above. To accomplish a single macrophage in a single chamber and a safe culture, firstly, the cell density was varied from 0.4 × 10 6 cells/ml to 10.0 × 10 6 cells/ml to find the optimal cell density. The cell suspension was introduced at a flow rate of 5 μl/min while unlocking the bottom side of inlet. After introducing the single-cell in a cell-chamber, an optical tweezer (micro-manipulation system, MMS-TKS-0912, SIGMA KOKI) was used to move a single macrophage to the edge part of the cell-chamber near the dam structure for cell positioning. The moved cell was attached to a UV-exposed area in the cell-chamber and at 37 C in 5% CO2 for 1 h. Then, the bottom sides of the inlet and the outlet were blocked with a capillary cover to introduce the medium into the cell chamber. The flow rate of medium was also varied from 0.1 to 0.6 μl/min by a microsyringe pump during culturing, and the viability of the positioned single-cell was checked by trypan blue.
Results and Discussion
Optimization of the conditions for a single-cell culture in a microfluidic channel
In our previous report, we succeeded in single-cell attachment and culturing inside a microchannel. 23 UV light stimulated removal of the MPC polymer from the microchannel surface. For single-cell attachment and array, UV was exposed through a photomask with a 30-μm wide single stripe. Even though the microchannel modification method was applied to this microfluidic system, a problem was found during the surface-modification step. As shown in a former report, 23 a silanization step was performed by using 3% APTS in a chloroform solution in an I-shaped microchannel. In this new chip design, a dam structure with a 2-μm depth part was considerably shallow for the modification. Firstly, we tried using the same condition as described above. However, the connecting part of the cell chamber and the dam structure was blocked by dust, and the residue of polymerized APTS as Fig. 3b (red circle) even after filtration of APTS solution, which inhibited the next surface-modification step. By contrast, concerning the surface modified by using the vapor-based method, the blocking problem was solved as shown in Fig. 3c . During washing inside the channel, ethanol, deionized water and DMF were well introduced without stopping.
Next, for the purpose of safe cell culturing inside a cell-chamber condition, the optimum cell culture conditions should be confirmed. The optimal cell density for a single-cell culture inside a cell-chamber was confirmed in the newly designed microchannel. The initial step in single-cell analysis in a microfluidic system is to introduce a single-cell to a desired place of the cell-chamber for culturing. The cell density was varied from 0.4 × 10 6 to 10.0 × 10 6 cells/ml and the cell suspension was introduced at a flow rate of 5 μl/min. As can be seen from Fig. 4 , the trapping ratio of the cell-chambers (10 cell-chambers in total) and single-cell trapped cell-chambers was confirmed according to the cell density. When the cell density was 0.4 × 10 6 , 1.0 × 10 6 , and 2.0 × 10 6 cells/ml, the ratios of the trapped cell-chambers were 25 ± 7.1, 45 ± 7.1 and 65 ± 7.1% per each, and the ratios of the single-cell trapped cell-chamber were 25 ± 7.1, 30 ± 14.1, and 50 ± 14.1%, respectively. Under these conditions, the ratio of the single-cell trapped cell-chambers tended toward increased cell density. In the case of a cell densities of 3.0 × 10 6 , 5.0 × 10 6 , and 10.0 × 10 6 cells/ml, the ratios of trapped cell-chambers were 60 ± 14.1, 55 ± 21.2, 60 ± 14.1%, per each. The single-cell introduced cell-chambers were 35 ± 7.1, 20 ± 14.1, and 15 ± 7.1%, respectively. The ratio of the single-cell trapped cell-chambers decreased with the cell density over 3.0 × 10 6 cells/ml. Finally, we found that the optimum cell density for introducing single-cells in each cell-chamber was 2.0 × 10 6 cells/ml.
Single-cell array and culture in a microfluidic device
After confirming the optimum cell concentration, a single macrophage was introduced to the cell-chamber of the microfluidic device, and the cell was delivered to the edge part of the cell-chamber using an optical tweezer to attach the cell at an UV-irradiated area (Figs. 5a and 5b) . The structure of the microfluidic device was complicated, and the optimum flow rate of the medium should be confirmed for safe culturing. We found that the macrophage died after 2 h of culturing inside the cell-chamber of the microchannel under a static condition owing to a deficiency of the nutrients and oxygen, which means that inside the small size cell-chamber conditions were very sensitive for safe cell-culturing. The flow rate was varied from 0.1 to 0.6 μl/min. When the medium flow rate was from 0.4 to 0.6 μl/min, a single macrophage was sucked into the dam structure of the channel, which caused cell destruction. High shear stress in the cell-chamber resulted in sucking the single-cell into dam structure. In the case of a flow rate with 0.1 μl/min, the cell was found to be dead after 5 h of culturing inside the cell-chamber because of a deficiency of nutrients and oxygen (Fig. 5c ). In contrast, at a flow rate with 0.2 μl/min, the single macrophage was placed in a UV exposed area of the cell-chamber without destruction. After 5 h of culturing, trypan blue was introduced to check the viability of the adhered single macrophage in a cell-chamber.
As shown in Fig. 5d , Fig. 4 Trapping ratio of cell-chambers and single-cell trapped chambers according to the concentration of macrophage cell suspension. , Entire cell-chambers; , single cell trapping.
the macrophage was placed in a UV-irradiated area with viability. This result indicated that the single macrophage was cultured in a small size of the cell-chamber inside the microchannel.
Even though single-cell attachment and culturing was successfully realized by optimization of the culture conditions inside the microchannel, the detection of secretion from a single cell was not carried out. This problem resulted from the exceedingly small amount of secretion from a single cell, which was not delivered to the flow channel for detection. To achieve this strategy to sensitive and highly efficient single-cell analysis, the flow-channel part of the microfluidic system should be more carefully considered. Short diffusion distances and the very large surface-to-volume ratio in this system could be efficient for analysis.
Conclusions
A direct, simple surface-regulating technique was used to position and culture a single macrophage in a cell-chamber of microfluidics.
A surface-treatment method including a photolabile linker and a MPC polymer was introduced for controlling the cell-adhesive area in a cell-chamber. The MPC polymer was removed selectively by using a photochemical reaction. We found that cell density of 2.0 × 10 6 cells/ml was the optimum condition to introduce the single-cell in each cell-chamber. Furthermore, at a flow rate of 0.2 μl/min of the medium, the macrophage was efficiently attached onto UV-illuminated area, and was cultured in a small size of the cell-chamber for 5 h. These confirmed conditions are the optimum for analyzing single-cell secretion in a microfluidic device. The proposed method offers new possibilities in studies of single-cell analysis in a microfluidic device. 
